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10–20 micrometers
Ion bubbleElectron sheath

Laser pulse
Trapped electron

Betatron x-ray beam

“Betatron	x-rays	bring	focus	to	a	very	small,	very	fast	world”,	LLNL	S&T	Review,	January/February	2014		
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Notable	features	of	betatron	radia9on	–	peak	brightness	
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Some	experiments	require	a	large	average	photon	flux	

Laser wakefield accelerator based light sources: potential applications and requirements 
F. Albert, A. G. R. Thomas, S. P. D. Mangles, S. Banerjee, S. Corde, A. Flacco, M. Litos, D. Neely, J. Vieira, Z. 
Najmudin, R. Bingham, C. Joshi, and T. Katsouleas, Plasma Physics and Controlled Fusion (2014).  
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parameter increases, the photon spectrum tends towards a
synchrotron-like broad spectrum, extending to much higher
photon energies than the shifted fundamental.

The emission of photons in such processes clearly
indicates that a force is applied to the electron to conserve
momentum. This radiation force has a classical form, which is
self-consistent within the limits that the acceleration timescale
is much larger than τ0 = 2e2/3mc3 = 6.3 × 10−23 s [58],
which is principally a damping of motion due to loss of
momentum to the radiation. One of the interesting phenomena
arising from this laser-electron interaction is that the radiation
damping is theoretically predicted to be so extreme that for a
sufficiently intense laser, the electron beam may lose almost all
its energy in the interaction time [59–61]. This means that the
radiation force is comparable to the accelerating force, which
has the implication that the spectrum of the radiation should
be strongly modified.

3. Review of x- and γ-ray applications

This section discusses three specific promising applications
of laser–plasma accelerator-based light sources: x-ray phase
contrast imaging (XPCI), x-ray absorption spectroscopy, and
nuclear resonance fluorescence (NRF). While this list is not
intended to be exhaustive, here we describe the basic principles
of these applications and discuss ongoing and future efforts
to improve them with either betatron radiation or Compton
scattering from laser–plasma accelerators.

3.1. X-ray phase contrast imaging

XPCI records the modifications of the phase of an x-ray beam
as it passes through a material, as opposed to its amplitude
recorded with conventional x-ray radiography techniques.
When x-rays pass through matter, elastic scattering causes a
phase shift of the wave passing through the object of interest.
The cross-section for elastic scattering of x-rays in low-Z
elements is usually much greater than for absorption [62]. The
total phase shift induced on an x-ray wave when it travels a
distance z through a sample with complex index of refraction
n = 1−δ +iβ is due to the real part of the index and calculated
with the relation:

$(z) = 2π

λ

∫ z

0
δ(x)dx, (4)

where λ is the x-ray wavelength. For two distinct low-Z
elements, the difference in the real part of the complex index of
refraction is much larger than the difference in the imaginary
part. It means that for quasi transparent objects such as
biological samples or tissues, this technique is more sensitive
to small density variations, and offers better contrast than
conventional radiography. For the past decade, XPCI has
been a very active topic of research for medical, biological,
and industrial applications. Consequently, several XPCI
techniques have been developed based on interferometry [62],
gratings [63] and free space propagation [64]. In combination
with these techniques, XPCI has been done with various x-ray
sources. Examples includes images of a small fish recorded
with a standard x-ray tube and gratings [65], images of a
bee obtained with a Mo K-alpha laser-based source [66] and

Figure 3. Single-shot x-ray phase contrast image of a cricket taken
using the Astra Gemini Laser. This 200 TW laser produces 1 GeV
electron beams and very hard x-rays (with critical energy >30 keV).
The image shows minimal absorption, indicative of high flux of
photons at energies >20 keV, for which the phase-shift cross-section
greatly exceeds (>100×) that for absorption.

phase contrast radiography using x-pinch radiation [67]. Even
though, as suggested by equation (4), it is suitable to use a
monochromatic x-ray source for XPCI, polychromatic sources
with high spatial coherence can also be used [68, 69]. In
this case, the scheme is much simpler and does not require
using complex and expensive x-ray optics. Much of the
sources currently used for XPCI do not have a high temporal
resolution desirable to take snapshots of laser-driven shocks
or other phenomena. XPCI measurements of shocks done
at synchrotrons were limited to a temporal resolution of
∼ 100 ps [70]; betatron x-ray radiation, where the source
size is less than a few micrometers [38], has the potential
to offer three orders of magnitude better time resolution.
For a source size of 2 µm and a critical energy of 8 keV,
the transverse coherence length of betatron radiation was
measured at Ltrans = 3 µm 5 cm away from the source, which
is sufficient to observe Fresnel diffraction fringes [37]. Using
free space propagation techniques, proof-of-principle XPCI
measurements of biological samples have recently been done
[9, 10] with betatron radiation. These promising results have
led to an extension of this technique to higher x-ray energies
[71], with an example shown in figure 3.

To generate a single-shot image, a large photon number
is required. As an approximate threshold, a megapixel
(1024×1024 pixels) is a reasonable number of elements to
make an image. The relative fluctuations from Poisson

statistics will scale as 1/

√
Nij , where Nij is the average

number of detected photons per pixel. Therefore, for a
low noise image the number of photons per shot should be
N ≫ 106, assuming the x-rays uniformly fill the detector and
are detected. In practice N ≫ 108 is more realistic, given

4

AbsorpWon	spectroscopy	

Phase	contrast	imaging	

fs	laser	betatron	
Well	known	
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Betatron	radia9on	is	being	produced	at	various	facili9es	
Laser	
Facility	

Pulse	
energy	(J)	

Dura9on	
(fs)	

Spot	size	(µm	
fwhm)	

a0	 Electron	
density	cm-3	

#	x-ray	
photons	

X-ray	energy	
(keV)	

Year	 Reference	

S.	Jaune	
(LOA)	

1	 30	 18	 1.2	 8	x	1018	 108	
	

1-10	 2004	 Rousse	PRL	

Gemini	
(RAL)	

10-15	 45-55	 20	 2.5-3.5	 3-10	x	1018	 109	 1-100	 2014	 Cole	Sc.	Rep.	

Hercules	
(U	Mich)	

2.3	 32	 11.2	 4.7	 4-22	x	1018	
	

106-108	
	

1-84	 2010	 Kneip	NPhys	

T-REX	
(LBNL)	

1.3	 24	 28	 1	 4-10	x	1018	
	

N.A.		 2-20	 2012	 Plateau	PRL	

Callisto	
(LLNL)	

4-8	 60	 12	 2	 5	x	1018	
	

108	 1-80	 2013	 Albert	PRL	

Texas	
Petawaa	

170	 150	 60	 ~	2	 2	x	1017	 108-109	
	

1-80	 2013	 Wang	NComm	

ALLS	
(INRS)	

2.5	 30		 24	 1.2	 5.4	x	1018	 3.6	x	107	 1-20	 2011	 Fourmaux	NJP	

JETI	(Jena)	 0.73	 27	 12	 1.9	 2-20	x	1018	
	

5	x	107	
	

N.A.	 2013	 Schnell	Ncomm	

LCLS-MEC	 1	 45	 8	 1	x	1019	 108	
	

1-10	 2015	 Recent	LCLS	exp	

Vulcan	
(RAL)	

280	 630	 3.2	 9-29	 1	x	1019	
	

~	5	x	108	
	

1-50	 2008	 Kneip	PRL	

Titan	
(LLNL)	

150	 1000	 20	 1-3	 1x	1019	
	

N.	A.		 1-50	 2015	 Albert	et	al	
Experiments	

BELLA-i	 40	 30	 5-55	 ~45	 1018-1019	
	

>109	 >100	 2017	 Predic9ons	
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Perspec9ves:	classes	of	possible	HED	experiments	with	laser	
driven	betatron	radia9on	

Probe	ConfiguraWon	 FaciliWes	 HED	science	
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EquaWon	of	state	
Material	strength	
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Opacity		
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Small	size	of	betatron	x-ray	source	allows	for	spa9al	coherence	

7.2. Caractérisation de r0 par étude spatiale : imagerie X par bord franc 167

toutes ces figures peut brouiller les franges. Si ce n’est pas le cas, c’est à dire si la taille

de la source n’empêche pas de détecter les franges de diÆraction, alors la source possède

un certain degré de cohérence spatiale. La diÆraction de Fresnel par un bord franc a déjà

été utilisée pour mesurer la cohérence spatiale de la source KÆ produite par interaction

laser-plasma [13].

Point source

-300 -200 -100 0 100 200 300
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4
 

 

In
te

n
si

té
 (
n
o
rm

a
lis

é
e
)

Coordonnée détecteur (µm)

Franges de diffraction

Bord

Point source

-300 -200 -100 0 100 200 300
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4
 

 

In
te

n
si

té
 (
n
o
rm

a
lis

é
e
)

Coordonnée détecteur (µm)

Franges de diffraction

Bord

Fig. 7.15 : Figure de diÆraction obtenue pour un point source monochromatique (5 keV), pour
une distance source-bord de 13 cm et une distance bord-détecteur de 2 mètres.

Si la source n’est plus monochromatique mais possède également une certaine largeur

spectrale, ce qui est le cas de la source X-Bétatron, chaque longueur d’onde qui la compose

va produire une figure de diÆraction diÆérente. La superposition de toutes les figures

provenant des diÆérentes longueurs d’onde va, de même que dans le cas d’une extension

spatiale, détériorer la figure de diÆraction. La polychromaticité de la source est donc un

paramètre important à prendre en compte dans notre analyse.

Nous avons estimé l’influence du spectre du rayonnement X-Bétatron en utilisant les

spectres obtenus avec les filtres (figure 7.12). Nous avons utilisé une distribution spectrale
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Phase	contrast	imaging	of	biological	objects	with	betatron	x-rays	

Figure 4 shows a comparison of the current performance of the Kα X-ray source and the Betatron X-ray beam: the same 
picture of a bee is taken in only a single laser shot using the Betatron X-ray beam (Fig. 4a), whereas 4500 laser shots are 
necessary using the Kα X-ray source (Fig. 4b). 

The picture corresponding to Fig. 4a is obtained using ALLS 100 TW-class laser system with performances similar to 
the ones described in section 2. The gas jet is produced in this case by a 10 mm long supersonic nozzle. The critical 
energy is around 12 keV and the total number of photon integrated over the whole spectrum is 109. This demonstrate that 
the Betatron X-ray beam is bright enough for imaging applications and well suited for imaging set of high number of 
samples or realize tomography measurement. The X-ray energy is high enough to locate the object in air between two 
250 µm Be windows. The distance from the object to the source is 114.5 cm, and the distance from the object to the 
detector is 310 cm. Direct detection by a CCD detector is used and the resulting spatial resolution is 7.4 µm. Using such 
direct detection optimize the spatial resolution but the detection efficiency peak is around 6 keV and decreases quickly at 
5% for 20 keV. Phase contrast is clearly seen on this picture and corresponds to the alternating black and white lines on 
the object edges (this is the first diffraction fringe from an edge).

The picture corresponding to Fig. 4b is obtained using INRS 10 TW laser system with performance similar to the one 
described in the section 1. Figure 4b picture is taken with the Kα X-ray source with 4500 laser shots. The target is a Mo 
solid target with characteristic emission at 17 keV. The distance from the object to the source is 45 cm, and the distance 
from the detector to the source is 180 cm. A GdOS polycrystalline phosphor in front of a fiber taper coupled to a CCD is 
used for detection and the spatial resolution is 10 µm. The GdOS phosphor detection efficiency peak is around 10 keV 
and is close to 60% for 20 keV. Phase contrast is also clearly seen on this picture and still corresponds to the alternating 
black and white lines on the object edges.

The total laser energy necessary to get a picture with the Betatron X-ray beam is 2.5 J compared to 4500×0.24 = 1080 J 
with the Kα  X-ray source.  This  can mainly be explained by the divergence of each sources:  the Kα  X-ray source 
emission is isotropic whereas the Betatron X-ray beam has a low divergence angle which allows to efficiently use the 
emitted photon for the imaging process.

Figure 5: X-ray imaging using the Betatron X-ray beam. a: picture of a bee located 94.5 cm from the source. The distance from the  
detector to the source is 251 cm. A phosphor screen in front of a fiber taper coupled to a CCD is used for detection and the spatial  
resolution is 15 µm. b: picture of a mouse located 94.5 cm from the source. The distance from the detector to the source is 115 cm.  
The same detection system is used and the spatial resolution is 33 µm.

Proc. of SPIE Vol. 8412  841211-7

Downloaded From: http://spiedigitallibrary.org/ on 01/04/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

Bee	
Fourmaux	et	al,	Opt	Lea.	(2011)	

Chrysoperia	carnea	
Wenz	et	al,	Nat.	Comm	(2015)	

Trabecular	hip	bone	sample	
Cole	et	al,	Sc.	Rep	(2015)	

Damselfly	
Kneip	et	al,	Appl.	Phys.	Lea.	(2011)	
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Example	2:	study	of	SiO2	in	WDM	condi9ons	
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Electronic	structure	changes	inves9gated	with	x-ray	absorp9on	
spectroscopy	

Absorption spectroscopy (XANES) 
at the O K-edge (520-560 eV)  

Need	a	broadband,	fs	x-ray	source	:	betatron	radiaWon	

ELECTRONIC STRUCTURE OF WARM DENSE SILICON . . . PHYSICAL REVIEW B 91, 214305 (2015)

FIG. 3. (Color online) The experimental O 1s XANES spectra of
SiO2 at various laser fluences.

from 2 to 20 ps. In comparison with the room temperature
XANES spectrum, four qualitative changes are observed. The
absorption edge is broadened. There is reduced contrast above
the edge. There is absorption within the band gap. Finally, a
peak is seen below the band gap (9 eV below the edge).

As stated previously, the x-ray streak camera time resolu-
tion is much higher than 20 ps; however, only subtle changes
in the spectra were observed within this range of time delay.
Figure 4 shows the experimental oxygen K-edge XANES
spectra at time delays −2, 0, 2, 4, 8, 14, and 20 ps for a
fluence of 5.5 J/cm2. Immediately following the laser pulse,
the 2 ps spectrum exhibits the spectral features described
above. Beyond 2 ps, the temporal evolution of the spectra

FIG. 4. (Color online) The experimental O 1s XANES spectra of
SiO2 at various time delays for a fluence of 5.5 J/cm2. Each spectrum
is generated by integrating over a 2 ps window that is centered at the
stated time delay.

show a slight increase in the broadening of the edge and further
reduction of the contrast above the edge.

In order to fully interpret the experimental spectra, we have
performed ab initio MD simulations for SiO2 at solid density
(2.65 g/cc) and temperatures of 300, 5000, and 10 000 K
using the ABINIT electronic structure code [28,29]. All
calculations are carried out in the framework of the DFT with
the generalized gradient approximation parametrization of the
exchange and correlation [30]. The PAW (projector augmented
wave) [31,32] atomic data for Si consists of four outer electrons
(3s23p2) and a cutoff radius of rc = 1.7 bohrs and six outer
electrons (2s22p4) and a cutoff radius of rc = 1.2 bohrs for O.
We used an energy cutoff of 680 eV. To obtain silica structure at
a given temperature, 36 Si and 72 O atoms initially arranged in
the perfect quartz lattice were propagated up to 1 ps using time
steps of 1 fs in the isokinetics ensemble. All MD calculations
were performed at the ! point. To obtain the optical response
in the x-ray domain, we performed a detailed calculation of
the electronic structure using a 3 × 3 × 3 Monkhorst-Pack
mesh and 2000 bands. Then we applied linear response theory
to obtain XANES spectra extending 30 eV above the edge,
following the method described in the references [33,34]. The
XANES spectrum is obtained in the so-called impurity model,
by considering the absorbing atom in an excited state. The
PAW atomic data for the absorbing atom is generated by using
a hole in the 1s orbital of O. This calculation provides a simple
way for introducing the core electron-hole interaction in the
independent-particle description used here [25]. For each ionic
configuration, this impurity is moved onto several O atoms in
the cell. Each completed spectrum is obtained by averaging
the individual spectra obtained for different impurity positions
in the ionic configurations.

The room temperature theoretical spectrum for α-quartz
is displayed in Fig. 2(b). The calculated spectrum has been
shifted in photon energy to match the position of the experi-
mental absorption edge and convolved with the experimental
resolution. There is satisfactory agreement both with the
experiment and with previous calculated room temperature
XANES spectra [24]. As previously noted by Taillefumier
et al. [25], the calculated α-quartz spectral features are slightly
contracted and the first maximum is narrower compared to
measured amorphous SiO2.

Figure 5 displays the calculated O 1s spectra for three
electron temperatures, Ti = Te, Te = 20 000 K, and Te =
30 000 K. In each case, spectra are shown for ion temperatures
of 300, 5000, and 10 000 K. In the calculated spectra, the same
qualitative changes are seen as in the laser heated spectra.
As the ion temperature increases, the edge broadens, and the
contrast above the edge is reduced. As the electron temperature
increases, a peak forms below the band gap and absorption
occurs within the band gap.

Figure 6 displays the radial distribution function g(r)
calculated for O-O, Si-O, and Si-Si, where the different curves
show the equilibrium cases of equal Te and Ti at 300, 5000, and
10 000 K. The height of the first peak in all three g(r) curves
is reduced dramatically at the elevated temperatures. For the
Si-O g(r), this change may be interpreted as a result of broken
Si-O bonds. In the g(r) for O-O at 10 000 K a small peak is
observed at 1.4 Å, indicative of O atoms directly bonded to
other O atoms. In general, the diminished structure in the g(r)

214305-3

K. Engelhorn et al, PRB, 91, 214305 (2015) 
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How	could	we	do	HED	science	experiments	at	BELLA	with	
betatron	x-rays?	

Probe	ConfiguraWon	 FaciliWes	 HED	science	

Titan	
LCLS	MEC	ns	opWcal	laser	

OMEGA	EP	
NIF	ARC	

LFEX-GEKKO	
BELLA	

High	pressure	and	shock	physics	
EquaWon	of	state	
Material	strength	
Phase	transiWons	

Opacity		
	

LCLS	MEC	short	pulse	
Hercules	

Astra-Gemini	
BELLA	

	

laser-mafer	interacWon	
RelaWvisWc	laser-plasma	

interacWons	
Laboratory	astrophysics		
Laser-plasma	accelerators	
Ultrafast	phase	transiWons		

Opacity	

LCLS	MEC	
SACLA	HERMES	
European	XFEL	

X-ray	mafer	interacWon	
Isochoric	heaWng	
100’s	eV	plasmas	

Ultrafast	phase	transiWons	
Nuclear	Physics	

Opacity	

Target	ns	laser	

Target	

Betatron	

Betatron	

Target	fs	(TW)	laser	

Betatron	

X-FEL	
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§  Betatron	source	requirements/needs	for	HED	experiments	with	BELLA	
—  Photon	energy	
—  Photometrics	
—  Source	size	

	

§  We	need	to	discuss	the	capabiliWes	required	for	a	HED	betatron	source	
—  Laser	spot	size	
—  Laser	pulse	duraWon	
—  Electron	density/gas	composiWon	
—  Are	planned	BELLA-I	specs	opWmized	for	betatron	x-rays?	

Betatron	x-rays	with	BELLA	

Applica9on	 Photon/eV/Sr	 Current	betatron	 BELLA-I	niche	

Radiography	
XPCI	

1e9	 Yes	 Harder	x-rays:	XPCI	of	dense	plasmas	

EXAFS/XANES	 1e9	 Yes	 Higher	Z	materials	(Ag,	Fe)	

DiffracWon	 1e12	 No	 Could	have	enough	photons	




